Regional droughts are common in North America, but pan-continental droughts extending across multiple regions, including 2012, are rare relative to single region events. We use the tree-ring derived North American Drought Atlas to investigate drought variability in four regions over the last millennium, focusing on pan-continental droughts. During the Medieval Climate Anomaly (MCA), the Central Plains (CP), Southwest (SW), and Southeast (SE) experienced drier conditions and increased occurrence of droughts and the Northwest (NW) witnessed several extended pluvials. Enhanced MCA aridity in the SW and CP manifested as multi-decadal megadroughts. Notably, megadroughts in these regions differed in their timing and persistence, suggesting that they represent regional events influenced by local dynamics, rather than a unified, continental-scale phenomenon. There is no trend in pan-continental drought occurrence, defined as temporally synchronous droughts in three or more regions. 
Introduction
early spring precipitation deficits forced by cold sea surface temperature (SST) anomalies in the eastern tropical Pacific (e.g., Herweijer et al. 2006; Hoerling et al. 2009; Schubert et al. 2009; Seager et al. 2005) . The Northwest has similarly strong, but opposite sign, Pacific SST teleconnections, resulting in hydroclimate anomalies that are often out of phase with the Southwest (McCabe et al. 2004 (McCabe et al. , 2008 Steinman et al. 2012) . The Central Plains region, while still influenced to some degree by the Pacific (Schubert et al. 2004b,a) , is on the northern edge of the Pacific SST teleconnection, and droughts in this area are driven primarily by spring and summer precipitation reductions often linked to warm Atlantic SSTs (e.g., Kushnir et al. 2010; Nigam et al. 2011) . Much like the Central Plains, droughts in the Southeastern US also respond to Atlantic and Pacific SST variations (Mo and Schemm 2008; Pederson et al. 2012; Seager et al. 2009 ).
Proxy reconstructions of drought allow studies of drought variability over much longer timescales than are available from the limited observational record. Improved sampling and characterization of multi-decadal hydroclimate variability is therefore possible, including the occurrence of rare and extreme events such as pan-continental droughts. Additionally, paleo perspectives provide glimpses into different hydrological mean states such as the often discussed megadroughts of the Medieval era, periods of persistent (decadal and longer) drought that have few comparable analogues during the last 500 years (Cook et al. 2004 Gray et al. 2011; Herweijer et al. 2007; Meko et al. 2007; Routson et al. 2011; Stahle et al. 2007; Stine 1994; Woodhouse and Overpeck 1998; Woodhouse et al. 2010) . Herein, we use a tree-ring derived, spatially explicit, proxy reconstruction of North American hydroclimate variability to investigate the occurrence and forcing of pan-continental droughts over the last millennium. We focus our analyses on three principal research questions 1) How often have pan-continental droughts occurred over the last one thousand years? 2) How variable is the occurrence of pan-continental droughts, and are certain spatial patterns more prevalent than others? and 3) How strongly can the occurrence of these pan-continental droughts be linked to known teleconnections and modes of SST forcing?
Methods and Data

a. The North American Drought Atlas
We use an updated version of the North American Drought Atlas (NADA) (Cook et al. 1999 (Cook et al. , 2004 ), a tree-ring reconstruction of summer season (June-July-August; JJA) Palmer Drought Severity Index (PDSI; Palmer 1965) . PDSI is a locally normalized index of drought, reflecting the balance between moisture supply (precipitation) and demand (evapotranspiration as a function of temperature). Positive values of PDSI indicate wetter than normal conditions and negative values indicate drier than normal conditions. Because PDSI has a memory timescale of 12-18 months (Guttman 1998; Vicente-Serrano et al. 2010 ), values during the summer season will reflect temperature and precipitation anomalies from throughout the year (e.g., St. George et al. 2010) . The employed version of the NADA has improved areal coverage and spatial resolution (0.5 o ), allowing for more precise regional characterizations of drought variability. To achieve this, the tree-ring network used for reconstruction was increased by over 1,000 tree-ring chronologies, many of which were several hundred to over a thousand years long. In every case, the tree-ring chronologies were detrended using methods that explicitly preserved centennial or longer timescale variability due to climate. The success in doing this is evident in Cook et al. (2010) , where two centennial duration megadroughts in California, discovered by Stine (1994) using totally independent methods, were captured with great fidelity. The point-by-point method of PDSI reconstruction, which uses a search radius of 450 kilometers, also guarantees that there is little overlap in the tree-ring data used to reconstruct gridded drought in the four selected regions analyzed here (Figure 2 ), thus making their comparisons with forcings at both high and low frequencies largely independent.
While data from the NADA is available for the past 2000 years, we restrict our analyses to 1000-2005 CE to ensure consistent spatial and temporal coverage over our regions of interest.
For the purposes of some temporal comparisons, we split the data into two eras: the Medieval Climate Anomaly (MCA; 1000-1500 CE) and the Little Ice Age/Modern era (LIA/MOD; 1501-2005 CE). The years bounding these two periods are loosely defined in the literature, and global analyses generally define the terminus of the MCA as some time during the 13 th or 14 th centuries (e.g., Graham et al. 2011; Mann et al. 2009 ). In North America, however, the megadroughts were the defining characteristic of Medieval climate, and many of these events extended well into the 15 th century. We therefore define the MCA in our analysis as 1000-1500 CE, and the LIA/MOD period as 1501-2005 CE.
b. Climate Indices
To diagnose possible causes of pan-continental droughts in the NADA, we use three climate indices representative of the major SST modes linked to North American droughts. The Southern Oscillation Index (SOI) (Ropelewski and Jones 1987; Trenberth and Hoar 1996) et al. 2004, 2008) . The degree to which the PDO is separable and distinct from ENSO is poorly understood, and there is some evidence that it may be simply a lowfrequency, extra-tropical expression of ENSO (McCabe et al. 2008; Newman et al. 2003) .
While the physical mechanisms involved are therefore not fully elucidated, the impacts of the PDO on drought variability in North America are nevertheless well established (e.g., McCabe and Dettinger 2002; McCabe et al. 2004 McCabe et al. , 2008 (Kushnir et al. 2010; McCabe et al. 2004 McCabe et al. , 2008 Nigam et al. 2011) . This version of the AMO index is calculated using the NOAA Extended Reconstructed Sea Surface Temperature data (version 3b), available monthly from 1854-present (Smith and Reynolds 2003) .
c. Analysis
Within the coterminous United States, hydroclimatic variability is a recurrent, robust feature of the regional climate in four primary regions: the Southwest (SW; Hoerling et al. 2009; Woodhouse et al. 2010) , the Northwest (NW; Nelson et al. 2011; Steinman et al. 2012) , the Central Plains (CP; Hoerling et al. 2009; Schubert et al. 2004b,a) , and the Southeast (SE; Pederson et al. 2012; Seager et al. 2009 regions to be completely independent because of various processes that govern the spatial expression of drought, including topography, regional circulation, and various teleconnection modes. The correlation maps (Spearmans rank, ρ) between these regional average time series and PDSI at each grid point in the NADA (Figure 2 ) nevertheless strongly indicate that positive correlations are concentrated within the bounding boxes of the defined regions (indicated by the black dashed boxes) and decay rapidly outside of them. These time series therefore can be interpreted as reasonably distinct and separable regions of drought variability, appropriate for our analysis. Droughts are characterized to have occurred in the regional mean time series when PDSI falls to a value of -0.5 or lower in any individual year (a value of -0.5 being considered an incipient drought 2 ). We used a modest threshold of -0.5 rather than a more extreme value (e.g., -1.0) to ensure adequate sampling of events over the last millennium and during the overlapping period with the teleconnection indices. A PDSI threshold of -0.5, for example, yields 124 SW+CP+SE pan-continental drought events over the last thousand years, while a threshold of -1.0 yields only 47. During the instrumental period (1850-2005), a shift from -0.5 to -1.0 changes the number of events from 23 to 5, drastically reducing our ability to sample the climate indices. With these considerations in mind, and given that NOAA refers to PDSI values of -0.5 as an incipient drought, we feel a PDSI value of -0.5 is a statistically reasonable and physically defensible threshold. We define a pan-continental drought as any instance when any three (SW+CP+SE, SW+CP+NW, SW+NW+SE, CP+NW+SE) or all four (SW+CP+NW+SE) of our defined regions simultaneously have PDSI values of -0.5 or lower in the same year. By this definition, the four-region droughts will overlap with and also be counted as three-region droughts. While it would be possible to exclude the four-region events from the three-region drought counts, we have chosen to allow this overlap to maximize the sampling of these relatively rare events. This sampling is especially important for the teleconnection analysis, which is limited to the observational period.
For both the single region and pan-continental droughts, we analyze temporal changes in the drought occurrence and average aridity in the NADA, and use the observational climate 2 Defined here http://www.esrl.noaa.gov/psd/data/usclimdivs/data/ indices (SOI, PDO, AMO) to establish possible forcing mechanisms. We correlate (Spearman's rank, ρ) the dynamic indices against each NADA grid point during their periods of overlap, focusing on the main seasons of influence associated with each climate mode:
December-January-February (DJF) and March-April-May (MAM) for the SOI and PDO;
MAM and JJA for the AMO. Because the PDO and AMO represent low-frequency modes of variability (decadal and longer), the PDSI and climate indices are smoothed with a 10-year LOWESS filter before conducting theses correlations.
It is possible that pan-continental droughts do not arise primarily from large scale forcing that organizes anomalies over large spatial scales (e.g., the AMO), but rather through the random superposition of drought events occurring independently in the four regions. To test this, we conduct a 5000-member ensemble resampling of each of the regional PDSI time series. In each ensemble member, we randomize the phase information of the regional PDSI time series (using the method of Ebisuzaki 1997), generating new series in each region with identical lengths and power spectra, but different relative phasing of their spectral components. Any dependencies across regions are therefore removed and each new time series can be interpreted as an independent random draw from an underlying parent population defined by the autocorrelation structure of the original regional time series. We calculate the percentage occurrence of pan-continental droughts from these synthetic series, and then calculate the 95 th percentile of occurrences across the entire ensemble. If the observed percent occurrence of pan-continental droughts in the NADA exceeds this 95 th percentile threshold, we reject the null hypothesis that pan-continental droughts arise randomly from independent variability in each region.
To determine the significance of the drought teleconnections (SOI, PDO, and AMO), there are 41 years that qualify as SW droughts (Table 1 ). An average of the SOI values for these 41 years gives a composite SOI anomaly associated with these events. We then draw 41 random years from the SOI time series and average them, repeating this process 5000 times.
If the original composited SOI anomaly exceeds the 90 th or 95 th percentile thresholds of the ensemble resampling, the drought-teleconnection association is characterized as marginally or fully significant, respectively.
Results
a. Single Region Drought Comparisons
The CP and SW are the prime epicenters for North American megadroughts, and longterm droughts during the MCA in these regions can be clearly seen in the regional time series (Figure 3a ,b). Megadrought activity in the SW and CP peaks during the exceptionally dry 12 th , 13 th , and 15 th centuries. Notably, megadroughts across these two regions are not completely synchronous in time, and droughts in the CP have much longer persistence timescales than in the SW. This suggests that the megadroughts do not represent a single, unified phenomenon dominating western hydroclimate during the MCA. Rather, they behave as regionally distinct phenomena governed primarily by particular teleconnections and local land surface feedbacks, possibly with some longer-timescale forcing making them more likely to occur during the MCA than during the more recent LIA/MOD period. Both regions transition to wetter mean conditions in more recent centuries.
Megadroughts are generally absent in the PDSI anomalies for the NW (Figure 3c ). Multidecadal pluvials are instead apparent from ca. 1090-1120 CE, 1260-1350 CE, and 1440-1475
CE. There is additionally little change in NW drought variability across the transition from the MCA to the LIA/MOD. In the SE (Figure 3d ), inter-annual drought variability is muted compared to the SW and CP, and conditions are dry (in a regionally normalized sense) up to the middle of the 19 th century, at which point a wetting trend to the present day begins. Independent corroboration of this long-term trend towards more pluvial conditions is difficult because few, if any, reconstructions of drought from this region are available that use completely independent proxy data from the NADA. However, this trend is apparent in more recent regional reconstructions that incorporate additional proxies independent of the NADA (Pederson et al. 2012 (Pederson et al. , 2013 , and the trend is consistent with independent studies of forest dynamics over the last several hundred years (McEwan et al. 2011 ). The extended periods of drought in the SW, CP, and SE during the MCA (Figure 2) may indicate enhanced drought persistence, possibly due to sustained Atlantic or Pacific SST forcing (Burgman et al. 2010; Conroy et al. 2009; Feng et al. 2008; Oglesby et al. 2012; Seager et al. 2007a Seager et al. , 2008 or land-surface feedbacks . We calculated the autocorrelation function (ACF) for each region separately for the MCA and LIA/MOD periods, after first adjusting each PDSI time series to a mean of zero ( Figure 5 ). Of all four regions during the MCA, the CP has the largest lag-one persistence (Figure 5b ), twice as high as the SW, the other region of megadrought activity. Persistence during the MCA in the CP remains consistently high and generally significant out to six years, reflecting the extended, multi-decadal periods of drought that defined climate in this region during the MCA (Figure 2b ). The SW has no significant autocorrelation between years 2 and 6, but does have significant autocorrelation at lags of 7 and 8 years, possibly due to the strong decadal and cyclic drought variability in this region. Notably, the SE does not have any significant persistence during the MCA beyond one year. Drier conditions in the SE during the MCA therefore represent the beginning of a long-term wetting trend, rather than a fundamental change in the underlying variability. During the last 500 years, significant persistence beyond a lag of one year disappears for all regions, although droughts in the CP continue to have the highest lag-one autocorrelation of any region.
b. Incidence of Pan-Continental Droughts
The percent of total drought years for each of the five pan-continental drought configurations during 1000-2005 CE are indicated in the legend of Figure 6 . The single most common pan-continental drought pattern over the last thousand years is SW+CP+SE, a pattern quite similar to the 2012 drought (see Figure 1) . The second most common pattern is CP+NW+SE, followed by SW+CP+NW and SW+NW+SE. The incidence of drought in all four regions simultaneously is only 5.2% of years. There is substantial centennial scale variability in the occurrence of these droughts (Figure 6 ), especially for the SW+CP+SE droughts that are especially prevalent during the exceptionally dry 12 th and 13 th centuries.
Only the SW+CP+NW combination shows a small and marginally significant (p ≤ 0.10) trend towards decreased occurrence (-0.47 droughts per century) over the course of the millennium. For all the pan-continental events, the observed percentages of occurrence exceed the 99 th percentile from our phase randomized resampling. This strongly suggests that pan-continental droughts are unlikely to occur as a random consequence of independent regional variability, instead indicating that they are likely triggered by coherent forcing or dynamics acting across regions.
Average recurrence intervals for single region (Figure 7a ) and pan-continental ( Figure   7b ) droughts increase with the transition from the MCA to LIA/MOD period, consistent with other indicators indicating a shift towards wetter conditions in North America. For single region droughts, recurrence intervals range from roughly 2-3 years; for pan-continental droughts, the recurrence intervals are all 10 years or more, except for the most common pattern, SW+CP+SE, which recurs on average every 7 or 9 years during the MCA and rare, occurring on average once every 20 years over the last 500 years. The ACFs of the climate indices ( Figure 9 ) offer some clues regarding differences in drought variability (Figure 3 ) and drought persistence ( Figure 5 ) between the SW and CP regions. Autocorrelation in the SOI, which loads strongly over the SW (Figure 8a ), varies between significantly negative (lags at 2 and 7 years) and significantly positive (5 years) values, which is an autocorrelation structure typical of oscillatory phenomena. In other words, any SOI forced drought in the SW is likely to be followed by an opposite sign SOI event within two years, bringing relatively wet conditions that oppose the initial drought, limiting drought persistence. By contrast, the AMO has significant persistence that slowly decays out to five years, with little evidence for any strongly oscillatory behavior. Given the apparent importance of the AMO for drought in the CP (Figure 8e ,f), this suggests that this SST pattern may contribute to the exceptional persistence of droughts over the CP (persistence in the CP is higher than any of the other three regions, especially during the MCA).
For the single-region drought composites, 30 to almost 60 drought-event years are available during the overlapping time period between the NADA and the climate indices (Table   1 ). Composite climate index values for single region droughts are shown in Figure 10 Figure   8 . PDO composites are positive and significant for droughts in the CP, NW, and the SE during DJF. The MAM PDO signal is not significant, and this may be due to the large number of drought years in the SE during the 19 th century, reflecting the long-term wetting trend that is unlikely to be related to any changes in the PDO. The AMO composites show significant positive index values for the CP and SE in both the spring and summer, but no significant association with SW droughts, despite the strong negative correlation in Figure 8 and previous research identifying a strong AMO-drought link in this region (McCabe et al. 2004 (McCabe et al. , 2008 .
Fewer composite years are available for the pan-continental droughts (Table 1) +AMO MAM, +AMO JJA). Interestingly, these are the most common pan-continental drought patterns to occur in the last thousand years. This suggests that there may be some predictability for these types of pan-continental droughts at leads of one season or more,
given that the current states of the AMO and PDO can be estimated and the SOI can be predicted a few seasons in advance. These teleconnection patterns could also explain the enhanced occurrence of these droughts during the MCA (e.g., the 1100s; Figure 6 ), consistent with previous work suggesting possible SST forcing of megadrought activity (Burgman et al. 2010; Feng et al. 2008; Graham et al. 2011; Seager et al. 2007a Seager et al. , 2008 Oglesby et al. 2012 ).
Discussion and Conclusions
Droughts are one of the most expensive natural disasters to affect the US, causing significant harm to agriculture, human health, and the economy at large (Ross and Lott 2003) .
The 2011 drought, a regional event centered in the Southwest and Southern Plains, cost $12 billion and contributed to 95 deaths (NCDC 2011). The impact of the 2012 drought, a pan-continental event, was much more severe. During 2012, 80% of the agricultural land in the US experienced drought conditions, the largest area in a single year since the 1950s (USDA 2013), and corn yields were 26% below expectations (Hoerling et al. 2013 ). The drought also contributed towards making 2012 the third all-time highest record year for area burned (NCDC 2013b) . Ultimately, the 2012 drought was the second most expensive natural disaster of 2012 (after Hurricane Sandy), causing $30 billion dollars in damages and 123 deaths (NCDC 2013c), underlining the significant stresses and management challenges imposed by these pan-continental events.
Much effort has been devoted to understanding the causes of regional droughts in the past (e.g., Coats et al. 2013; Cook et al. 2009; Ellis et al. 2010; Herweijer et al. 2006; Hoerling et al. 2009; Schubert et al. 2004b ) and how they may change with increased greenhouse gas forcing in the future (Seager et al. 2007b; Seager and Vecchi 2010; Seager et al. 2013 ).
Few studies, however, have focused on the occurrence and variability of multi-region, pancontinental droughts. We find that pan-continental droughts have occurred in various flavors over the last millennium, and that the 2012 drought is similar to the most common type of pan-continental drought pattern found in the paleo record (SW+CP+SE). We also find that the occurrences of certain pan-continental drought patterns (SW+CP+SE, SW+CP+NW, CP+NW+SE) are strongly linked to well-known teleconnections originating from the Pacific and Atlantic oceans. Teleconnections are therefore capable of influencing the probability of occurrence of pan-continental droughts, although any particular event could also be influenced by internal atmospheric variability unrelated to ocean conditions. For example, Hoerling et al. (2013) concluded that the 2012 drought was made more likely by slowly varying SSTs, but that the particulars of the summer 2012 drought in the Plains was strongly controlled by seemingly random circulation anomalies. Interestingly, our analyses of the CP and SW also found that the MCA megadroughts were generally not synchronous in time across these two regions and also exhibited significantly different persistence characteristics.
This result is not necessarily surprising, given the very different climatologies and drought teleconnections associated with each region. Our analysis does indicate, however, that the megadroughts in North America should not be viewed as a single, coherent phenomenon affecting the entire western US, but rather as a superposition of potentially separable regional events.
Understanding the underlying dynamics and predictability of pan-continental droughts remains a significant challenge. Interpretations from our teleconnection analysis are limited by the relative paucity of pan-continental droughts available from the observational era.
For example, only 6 SW+CP+NW+SE droughts overlap with the PDO record (Table 1) 2012), may provide another opportunity to investigate the dynamics and teleconnections driving pan-continental droughts. Nevertheless, the efficacy of these models to address the pan-continental drought problem depends crucially on their ability to skillfully reproduce the proper teleconnections, feedbacks, and timescales of response (e.g., Coats et al. in review) .
Given the ubiquity of pan-continental droughts over the last millennium, it is likely that they will be an important and significant feature of North American hydroclimate in the decades and centuries to come, with potential changes in their severity and/or occurrence with increased greenhouse gas forcing. Southwestern North America and the Plains, for example, are expected to continue drying into the future (Seager et al. 2007b , with greenhouse warming causing both precipitation declines and increased evaporative demand in these regions. From a pan-continental perspective, warmer temperatures may be especially important, as temperature responses to increased greenhouse gases are likely to be more widespread and homogenous than precipitation changes (e.g., Knutti and Sedlacek 2013) . This spatially extensive warming, and the accompanying increase in evaporative demand, represents a broad forcing that may increase the spatial coherence of droughts across regions, increasing the likelihood that multiple regions will experience drought simultane- List of Tables   1  The number 
